Background: SRC plays an important role in the pathogenesis of metastatic breast cancer (MBC). In preclinical models, paclitaxel and the oral SRC inhibitor dasatinib showed greater antitumor activity than either agent. To determine the maximum tolerated dose of this combination, we conducted a phase I study.
introduction
Metastatic breast cancer (MBC) is an important public health concern, accounting for >40 000 deaths in the United States in 2009 [1] . Although MBC is a chemosensitive disease, increasingly, therapeutic advances have come as a result of advances in molecular biology, which have led to the development of targeted therapies. For example, trastuzumab and lapatinib have proven activity in combination with chemotherapy for those patients with MBC, which overexpresses the human epidermal growth factor receptor-2 (HER2) [2, 3] . For tumors that lack this receptor, multiple other putative pathways have been elucidated, for which targeted therapies are being investigated.
One potential target in MBC is SRC, a membrane-associated non-receptor tyrosine kinase, which is involved in multiple signaling pathways regulating normal cell growth, angiogenesis, steroid receptor activation, and cell survival [4] . SRC is frequently overexpressed in human breast cancer and has been implicated in the development of metastases [5, 6] . Furthermore, SRC kinase plays an important role in breast cancer cell survival within bone marrow and is important for activation of osteoclasts and late-onset bone metastases [5, 7, 8] . In estrogen receptor (ER)-negative breast cancer, differential expression of other tyrosine kinases, including KIT and ABL, has been suggested. Therefore, inhibition of these tyrosine kinases, including SRC, represents a novel therapeutic approach for MBC. Although prior studies in MBC with the c-KIT and ABL tyrosine kinase inhibitor imatinib failed to demonstrate clinical activity, the combination of a SRC kinase inhibitor with cytotoxic chemotherapy might be more effective [9, 10] .
Dasatinib is a potent, broad-spectrum ATP-competitive inhibitor of five critical oncogenic tyrosine kinase families, BcrAbl, SRC, c-KIT, platelet-derived growth factor receptor-b and ephrin, each of which has been linked to multiple forms of human malignancies [11] . Dasatinib has proven activity in BcrAbl-driven disease such as chronic myeloid leukemia (CML) [12] . Monotherapy with dasatinib up to 100 mg twice is safe, although nausea and vomiting, diarrhea and fluid retention, including pleural and pericardial effusions, emerged at this dose level. In order to maximize efficacy and minimize toxicity, subsequent studies have demonstrated the superiority of a once-daily schedule [13] . In preclinical studies, dasatinib inhibited proliferation of cancer cell lines that express activated original article SRC or c-KIT [14] . Preclinical evidence suggested that triplenegative breast cancer [which lacks HER2, ER and progesterone receptor (PgR)] is a subtype likely to respond to dasatinib [15] . Alternatively, as SRC activation has been associated with endocrine resistance in ER-positive breast cancer, dasatinib may also have a role in this subgroup [16, 17] . Furthermore, since dasatinib inhibits vascular endothelial growth factorstimulated proliferation and has potent bone antiresorptive activity, this agent is of particular interest for the treatment of MBC to bone. Paclitaxel, which is among the most active cytotoxic agents for MBC, is associated with a response rate of up to 42% when administered in a weekly schedule; neurotoxicity is the main dose-limiting toxicity (DLT) [18] . Preclinically, the combination of paclitaxel and dasatinib showed greater antitumor activity than either single agent [19] . To determine the maximum tolerated dose (MTD), we conducted the current phase I study (Bristol-Myers Squibb Study CA180194). Secondary objectives were to obtain preliminary data on the therapeutic activity of this combination.
patients and methods
Patients with MBC; Eastern Cooperative Oncology Group performance status of zero to one; normal hepatic, renal and marrow function were eligible. Prior taxane therapy, stable brain metastases and baseline neuropathy grade 1 or less were allowed. Due to the risk of fluid retention from dasatinib, patients with pleural or pericardial effusions were excluded. Since dasatinib is extensively metabolized in humans, primarily by the cytochrome P-450 3A4 isozyme, where possible, patients discontinued known potent inhibitors of this enzyme.
Weekly paclitaxel 80 mg/m 2 was given by 1-h i.v. infusion 3 weeks of 4 (one cycle) and dasatinib was given orally in a single-daily dose (Figure 1 ). Supportive medications for weekly paclitaxel were administered per institutional policy. Dasatinib was supplied by Bristol-Myers Squibb and administered at a starting dose of 70 mg and escalated 100, 120 and 150 mg in cohorts of three patients, using a standard 3 + 3 dose-escalation scheme. There was no intra-patient dose escalation. Given the inhibitory effect of dasatinib on osteoclasts, bisphosphonates were withheld during the first two cycles of treatment, due to the potential risk of hypocalcemia. Safety assessments occurred every 2 weeks; additional hematologic toxic effects were assessed weekly. Electrocardiography was carried out on day 1 of each cycle of treatment. Toxic effects were graded per Common Terminology Criteria for Adverse Events version 3.0. DLT was defined as any of the following during cycle 1: grade 3-4 hematologic toxicity lasting >2 weeks, clinically significant grade 3-4 non-hematologic toxicity or grade 2 non-hematologic toxicity that persists despite adequate medical management, requiring withholding dasatinib for >4 days in cycle 1. The MTD for the phase II study was defined accordingly as the dose level immediately below the dose at which two or more patients experienced a DLT. If the MTD of dasatinib was £100 mg daily given continuously, the protocol allowed exploration of dasatinib dosing of 5 days of 7.
All patients underwent bone scan and computed tomography (CT) at baseline and after two cycles to assess response. Thereafter, tumor burden was assessed every three cycles. For patients with measurable disease (at least one lesion of minimum diameter of 10 mm on CT scan), response was assessed by standard RECIST.
results
From January to December 2009, 15 patients (14 women and 1 man) were enrolled. The median age was 54 years (range 35-74), and most patients (73%) had received prior adjuvant chemotherapy (Table 1) . Before enrollment, patients received a median of 3 lines of therapy (range 0-12) for MBC, but only original article Annals of Oncology six (40%) had never received a taxane in either the adjuvant or the metastatic setting.
DLT and MTD
Three patients were treated in each of the first three cohorts (dasatinib 70-120 mg) and no DLTs occurred. In the fourth cohort (dasatinib 150 mg), one DLT (grade 3 fatigue) occurred as follows. A heavily pretreated patient with multiple liver and bone metastases was admitted with grade 2 nausea and vomiting and grade 3 fatigue (possibly dasatinib related) 2 weeks after starting treatment. In addition, she had grade 3 lymphopenia and grade 3 elevated alkaline phosphatase. She was removed from study for toxicity, but a CT scan after 4 weeks showed multiple stable liver and bone metastases. This dose level was then expanded with a further three patients (six total) and no further DLTs were observed. However, cumulative toxic effects were seen in several patients during subsequent cycles of treatment. One woman developed erythematous papular pruritic rash (grade 1) during her fourth week of treatment, thought to be a delayed hypersensitivity reaction to dasatinib, which resolved with cessation of therapy. She was removed from study and had stable disease for 6 months on weekly paclitaxel with bevacizumab. One woman developed febrile neutropenia (grade 3) and withdrew. One woman, with a history of rash during her first cycle of treatment, was admitted to hospital with fever and pulmonary infiltrates during her third cycle of treatment. An infective cause was excluded and a provisional diagnosis of dasatinib-related pneumonitis was made. She was removed from study and was rechallenged with paclitaxel. However, she was readmitted with recurrent fever and pneumonitis and a definitive diagnosis of paclitaxel pneumonitis was made.
Overall, at the highest dose level (dasatinib 150 mg), three patients were removed from study treatment for toxicity and one withdrew for personal reasons. Therefore, based on cumulative toxic effects at this dose, the recommended phase II dose was determined to be dasatinib 120 mg.
Patients received a median of 2.8 cycles of treatment (range 1-15). One patient continues on study after 15 cycles and the remaining 14 have stopped treatment for progression/toxicity as set out in the following section.
hematological toxic effects
Overall, hematological toxic effects were common and predominantly of low grade. During cycle 1, 13 (87%) patients had at least one hematological toxicity. The most common dasatinib-related hematological toxic effects were leukopenia, seven (47%) patients (four grade 1); anemia, six (40%) patients (five grade 1); thrombocytopenia, six (40%) patients (all grade 1) and neutropenia, three patients (all grade >1). Hematological toxicity grade >1 during cycle 1 appeared to be more common with higher doses of dasatinib (Table 2) . Similar cumulative hematological toxic effects were seen in subsequent cycles in the 14 patients who received more than one cycle of treatment, with increasing hematological toxicity seen with higher doses (Table 3) .
non-hematological toxic effects
Non-hematological toxic effects were as expected, were generally low grade and were more common with increasing doses of dasatinib (Tables 4 and 5 ). Overall, eight (53%) patients complained of diarrhea, two patients grade 1 and six patients grade 2, of whom four had received ‡120 mg dasatinib). In total, nine (60%) patients had skin toxicity, mainly consisting of acneiform rash, which was generally mild: seven patients grade 1 and two patients grade 2. Fatigue was common, reported in 11 (73%) patients, and was the DLT in 1 patient. However, in most cases this was of low grade (two patients grade 2 and three patients grade 3). Prolongation of QTc occurred in eleven (73%) patients (four patients grade 2 and nine patients grade 1), although this did not result in any clinical significant arrhythmias. Neuropathy occurred in 12 (80%) patients: eight grade 1, three grade 2 and one grade 3.
effusion and fluid retention
Overall, four (27%) patients had edema: three grade 1 and one grade 2. In total, five (33%) patients developed pleural effusions, two of which occurred in the setting of worsening mediastinal adenopathy. Neither underwent thoracocentesis but both were felt to be disease related. A 74-year-old woman treated with dasatinib 150 mg developed pleural effusions, likely secondary to paclitaxel pneumonitis as set out above. One patient on dasatinib 100 mg developed bilateral effusions with otherwise stable systemic disease after two cycles of treatment and withdrew consent due to excessive cumulative toxicity. One patient on dasatinib 150 mg developed bilateral pleural effusions (grade 2), a pericardial effusion (grade 1) and peripheral edema (grade 1) after five cycles with stable disease in bone and lymph nodes. These improved clinically and radiographically with interruption of therapy for 1 week and dasatinib was successfully reintroduced with a dose reduction. However, she was removed from study during her sixth cycle due to new brain metastases. Therefore, overall, two (13%) patients (one of whom was treated at the highest dose level) had pleural effusions thought possibly or probably related to dasatinib.
response Overall, two patients received less than two cycles of treatment and per protocol were not assessable for response; both were treated at the highest dose level (dasatinib 150 mg) and withdrew due to toxicity. One had a DLT during cycle 1 and repeat CT scan showed progression of disease. The second patient was removed from study because of rash during cycle 2 and had stable disease on CT scan. Per protocol, 13 patients are assessable for response as shown in Table 6 . A partial response was seen in four (31%) patients, including two patients previously treated with taxanes. All responders were treated with ‡120 mg dasatinib. Furthermore, an additional five patients (29%) had stable disease as their best response.
discussion
This investigator-initiated phase I study demonstrates that in combination with weekly paclitaxel 80 mg/m 2 , the recommended phase II dosing of dasatinib is 120 mg. Per protocol, only one DLT occurred at the highest dose level explored (dasatinib 150 mg), but due to cumulative toxic effects (rash, fatigue and diarrhea) we believe that this dose level is not tolerable. Preliminary evidence of activity for this combination has been demonstrated, including in patients previously treated with taxanes. Therefore, our results offer preliminary evidence that in patients with MBC this approach is feasible, active and associated with an acceptable safety profile. original article
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Preclinical evidence suggested that the activity of paclitaxel and dasatinib was superior to either single agent [19] . As the first step in translating this observation, we conducted the current phase I trial. In further support of the choice of the cytotoxic agent, paclitaxel is among the most active chemotherapy agents for MBC, with a well-established and acceptable safety profile (neuropathy is the DLT), which is nonoverlapping with the toxicity profile of dasatinib (hematological, gastrointestinal and fluid retention) [18, 20] . Although paclitaxel 80 mg/m 2 has been administered weekly in a continuous schedule, in clinical practice weekly paclitaxel 3 weeks of 4 is often preferred due to improved tolerability. Furthermore, this schedule (albeit at a dose of 90 mg/m 2 ) has been investigated in combination with other targeted therapies such as antiangiogenic agents [21] . The starting dose of dasatinib 70 mg was based on single-agent experience in CML and other tumors. In two phase II studies of single-agent dasatinib in MBC, the initial starting dose of 100 mg twice a day was reduced to 70 mg twice a day for tolerability [22, 23] . In one of these studies, pharmacokinetic monitoring of 70 mg twice daily demonstrated that plasma concentrations were comparable with those seen in patients with leukemia [23] . More recent studies have examined a once-daily schedule of dasatinib. For example, in a randomized phase III study examining four different dosing schedules of dasatinib in CML, dasatinib 100 mg once daily was associated with similar response rates and survival but improved tolerability over the other schedules investigated (50 mg twice daily, 140 mg once Annals of Oncology original article daily, or 70 mg twice daily) [24] . However, it should be noted that myelosuppression might be greater in patients with CML due to the targeting of the Bcr-Abl clones. A similar once-daily approach has been adopted in an ongoing phase I study of dasatinib in MBC, examining combination therapy with capecitabine, which initially enrolled patients in escalating doses twice a day but was amended to once-daily dosing [25] .
In the current study, only one DLT (fatigue) occurred at the highest dose level investigated (150 mg). However, as can be seen in Tables 2-5 , cumulative toxic effects, both hematological (such as anemia and thrombocytopenia) and non-hematological (including diarrhea), were more common at that dose level. Furthermore, three (of six) patients treated at this dose level were removed from study for toxicity and one withdrew for personal reasons. Therefore, the recommended phase II dose is dasatinib 120 mg. However, the optimum dosing strategy for novel targeted therapies is challenging. The traditional approach adopted for cytotoxic agents, whereby increasing doses are investigated until DLT (often hematologic) occurs, may be less relevant for tyrosine kinase inhibitors. An alternative approach may be preferable, whereby the dose of novel agents is determined based on a combination of tolerability and biological surrogates that determine that target inhibition is adequate.
Overall, the toxicity profile of dasatinib was as expected. The most common toxic effects were hematological: 47% leukopenia, 40% anemia, and 40% thrombocytopenia. Increasing doses of dasatinib were associated with greater hematological toxicity. For example, among patients treated with dasatinib 150 mg during cycle 1, two patients had grade 3 neutropenia and one patient had grade 2 neutropenia. In comparison, no patients treated at lower doses of dasatinib had grade >1 neutropenia during cycle 1. One possible side-effect with dasatinib is the development of fluid retention, including edema and pleural effusions. Given these concerns, patients with pleural effusions were excluded from this study. However, we did not observe serious problems with fluid retention, which might have been because of the weekly dose of dexamethasone administered in conjunction with paclitaxel. Three (20%) patients had edema and five (33%) patients developed pleural effusions, mostly due to progressive disease. Therefore, we have amended the ongoing phase II study to allow the participation of patients with pleural effusions at baseline.
In this trial, the combination of dasatinib and paclitaxel demonstrated preliminary antitumor activity at the recommended phase II dose, including in taxane-pretreated patients. The response rate of 31% in a relatively heavily pretreated population is encouraging. Studies of single-agent dasatinib in MBC have reported modest results. In a previous phase II study of 44 patients with triple-negative MBC, the response rate was 4.7%, although 26% of patients had stable disease [22] . Notably, this study used a starting dose of 100 mg twice a day, which had to be reduced to 70 mg twice a day for tolerability [22] . In a second phase II study in patients with HER2-positive or hormone receptor-positive MBC, a similar response rate of 4% (3 of 69 patients) was seen [23] . Of note, all patients who responded and had stable disease had ER-and/or PgR-positive disease. In a phase I study of capecitabine and dasatinib in 27 patients with measurable MBC, 11 (41%) patients had a partial response. These preliminary results suggest that dasatinib has limited single-agent activity in MBC but may be active in combination with cytotoxics, and potentially with endocrine therapy. Several randomized phase II trials are investigating dasatinib in combination with endocrine therapy, such as letrozole, exemestane or fulvestrant, for patients with ERpositive MBC and these results are awaited [26] . Given that recent experience in CML suggests that once daily appears to optimize efficacy, while minimizing toxicity, it may be that the twice-daily schedule initially favored in these studies in MBC was suboptimal [24] . However, it should be noted that the recommended dose for our ongoing phase II study (120 mg once a day) is higher than the recently proposed optimal dose for single-agent dasatinib in CML (100 mg once a day) [24] .
The results of the current study indicate that dasatinib 120 mg with weekly paclitaxel (80 mg/m 2 ) is feasible. The results of our ongoing phase II study, and others, will give a more accurate assessment of the feasibility and activity of dasatinib in MBC. In an attempt to improve patient selection for combination therapy with dasatinib and paclitaxel, we are also assessing putative biomarkers of response, incorporating phospho-SRC, circulating tumor cells and tumor gene profiling, including expression of EphA2, a dasatinib target [27] .
In summary, this investigator-initiated phase I study has demonstrated that in combination with weekly paclitaxel 80 mg/m 2 , the MTD of dasatinib is 120 mg. The side-effect profile of the combination is consistent with prior experience with the individual agents. Preliminary evidence of antitumor activity for this combination has been seen in patients with MBC, including patients with prior taxane exposure. references
